Abstract. Inspection of and around joints, beams, and other three-dimensional structures is integral to practical nondestructive evaluation of large structures. Non-contact, scanning laser ultrasound techniques offer an automated means of physically accessing these regions. However, to realize the benefits of laser-scanning techniques, simultaneous inspection of multiple surfaces at different orientations to the scanner must not significantly degrade the signal level nor diminish the ability to distinguish defects from healthy geometric features. In this study, we evaluated the implementation of acoustic wavenumber spectroscopy for inspecting metal joints and crossbeams from interior angles. With this technique, we used a single-tone, steady-state, ultrasonic excitation to excite the joints via a single transducer attached to one surface. We then measured the full-field velocity responses using a scanning Laser Doppler vibrometer and produced maps of local wavenumber estimates. With the high signal level associated with steady-state excitation, scans could be performed at surface orientations of up to 45 degrees. We applied camera perspective projection transformations to remove the distortion in the scans due to a known projection angle, leading to a significant improvement in the local estimates of wavenumber. Projection leads to asymmetrical distortion in the wavenumber in one direction, making it possible to estimate view angle even when neither it nor the nominal wavenumber is known. Since plate thinning produces a purely symmetric increase in wavenumber, it also possible to independently estimate the degree of hidden corrosion. With a two-surface joint, using the wavenumber estimate maps, we were able to automatically calculate the orthographic projection component of each angled surface in the scan area.
INTRODUCTION
The ability to perform remote inspection of joints and their surrounding geometries an important component of NDE of large structures. Acoustic wavenumber spectroscopy (AWS) offers a fast and effective means to analyze the health of a joint or three-dimensional beam and its neighboring surfaces both visually and quantitatively. During AWS inspection, an ultrasonic transducer provides steady-state single tone excitation to the structure being examined. A laser Doppler vibrometer (LDV) then measures the velocity response of the structure at each pixel via a raster scan. Local estimates of wavenumber, which is the inverse of wavelength, provides measures of effective plate thickness, making it possible to detect corrosion and delamination-like defects. However, projection from scans made at angles aware from normal incidence leads to distortion in the wave pattern and an increase in the observed wavenumber. Projection correction procedures are therefore an important component of any full-field laser-ultrasound inspection system that relies on wavenumber spectroscopy.
TEST PROCEDURE
This study focused on a single 30.0 cm x 0.3 cm square aluminum sample with a 6 cm square milled area at its center with a 50% reduction in thickness. For each test, a piezoelectric transducer was mounted using a C-clamp at the upper left corner of the plate. The scanning LDV was positioned one meter away. During each scan, the transducer provided a steady-state excitation at 123 kHz to the sample. The velocity response at each pixel was recorded by a raster-scanning LDV. The real and imaginary parts of the response at 123 kHz were calculate for each pixel in order to form a 2D, complex-valued map [1] . Scans were performed over a 25 cm square area with a pixel pitch of 1 mm and at a rate of 2000 pixels per second. The full experimental setup is shown in Fig. 1 .
FIGURE 1. Experimental setup test specimen (left), DAQ tablet (middle), LDV (right), and steering mirrors (inset)
Scans were performed over the same area with the specimen tilted at 0, 30 and 45 degrees, with the right side being tilted away. Figure 2 shows the response maps for three scans. The horizontal compression as a result of the objective projection is quite evident. This compression leads to an apparent shortening of the wavelength of the waves in the horizontal direction. Less evident in looking at the raw scans is the effect of the perspective projection, which makes the wavelength appear shorter in both the horizontal and vertical direction on the right side of the plate. Figure 3 show the maps of the spatial Fourier transforms of the three scans. The shortening of the wavelength appears as a stretching of circular ring, corresponding to the dominate wavenumber, into an ellipse. Damage, in the form of plate thinning, manifests as an increase in local wavenumber in the affected region. Using wavenumber spectroscopy techniques, from the response maps, we can make point by point estimates of wavenumber, which in turn, gives us a measure of plate thickness [2] . However, when making measures away from normal incidence, the apparent increase in wavenumber due to projection destroys the ability to detect thinning. Figure 4 shows the computed wavenumber maps for the three raw scans. The square-shaped thin region and the two small drilled holes are only visible in the scan performed without tilt. In the scans performed on the tilted specimen, the artificial increase in wavenumber makes the damage region indiscernible. 
ANALYSIS APPROACH Projection Correction
In order to make use of the measurements with the specimen tilted away from normal, we must apply corrections to the projection. Here we apply common camera projection correction techniques to our response maps prior to wavenumber processing [3] . Figure 5 summarizes the correction process. First a sufficiently dense grid, S X is defined over the region that is being scanned, in the panel's local 2D coordinate system. This 2D grid is then placed into the global coordinates of the LDV system, at the specimen's true location, through rotation and translation. Next, the grid is projected into the measurement plane of the LDV using a perspective projection matrix, P . The measurement plane is simply the virtual surface normal to the LDV that the system was programmed to scan over. The projected grid,
MS
X , now provides the coordinates in the measured response map that correspond to the physical points on the plate. The final step is to perform a 2D interpolation that maps the response values at the measurement points, M M S V X to the uniform grid of points over specimen S S V X .
FIGURE 5. Graphical depiction of the process for correcting perspective distortion in the full-field velocity measurements.

M MS
V X is the measured velocity field at a point MS X in the measurement plane in the global coordinate frame. s s V X is the true velocity field at a point s X on the surface of the structure in the local coordinate frame of that surface. Figure 6 shows the same three response maps after the projection correction and 2D interpolation. Figure 7 shows the corresponding local wavenumber estimate maps computed from the corrected response maps. The thinned region is once again discernable from the rest of the scan region. However, there is a notable decrease in the quality of the wavenumber map. We attribute this to an effective decrease in the horizontal sampling resolution when the panel is tilted and a lower response amplitude in the direction of the measurement. 
Projection Estimation
Ideally, to make these techniques useful in real-world applications, we need to be able to determine the relative degree of tilt for the scanned surface automatically. As the Fourier maps show in Figure 3 , a relative tilt between the scan surface and the measurement plane leads to a measureable increase in wavenumber in the direction of tilt. For isotropic materials, one can determine the direction and degree of tilt from the angle and length of the long axis of the nominal wavenumber ellipse. If we ignore perspective projection, and focus purely on orthographic projection, then the relationship between the long and short axis of the ellipse and the tilt angle is
If we know that we are scanning a single surface, we can use the Fourier map to calculate the angle and lengths of the two axes of the wavenumber ellipse. If there is more than one surface in the scan region, however, we need to calculate the tilt parameters on a point by point basis. To do this, we start by filtering the response map according to a uniform spread of wave propagation directions spanning 360 degrees. If we apply our local wavenumber estimation procedure [1] to each of these filtered response maps, each resulting wavenumber map will provide the pixel-by-pixel wavenumber in a particular propagation direction. For each pixel, the "long" and "short" wavenumber are the minimum and maximum across each of the wavenumber maps for that pixel. We then plug those values into Equation (1) to estimate the tilt degree at that pixel.
We tested this procedure on the inside corner of two panels bolted together at 90 degrees and scanned such that both panels were tilted at positive and negative 45 degrees relative to the scanner. Figure 8 (left) shows the two panels from the back side. The panel on the right, relative to the scanner, was the same panel used in the projection correction study above. The transducer was attached to the left panel. Figure 8 (right) shows the raw response measurement. Note the higher response amplitude in the left panel, which has the transducer attached.
Figure 9 (left) shows the resulting map of the estimated local wavenumber in the direction of tilt. Figure 9 (right) shows the corresponding estimated tilt degree map. While the average estimate of the tilt angle is nominally correct, in the regions that were further from the camera, the estimated tilt angle was too high, while in those closer to the camera, the estimate was too low. This indicates that the perspective projection, which we did not account for, still has a significant effect on the wavenumber at the stand-off distances at which these scans were performed. 
DISCUSSION
We have shown that when making full-field, non-contact ultrasonic scans of panels that are tilted relative to the scan head, it is possible to not only correct the induced distortion, but to estimate the tilt angle, on a point by point basis, using the same local wavenumber estimation techniques typically used for damage detection. This is an important capability for utilizing laser-ultrasound techniques in the field. While not performed as part of this study, by checking for symmetry of local wavenumber in a given region, it is possible to determine whether the shifts in wavenumber are a result of tilt or of damage, with the former exhibiting asymmetry. Making local estimates of tilt degree is straight-forward under orthographic projection assumptions. When the scan surfaces are sufficiently close to the scan head, perspective projection must be accounted for. The relationship between wavenumber and tilt angle is more complex in the case of perspective projection, but is worth addressing in future studies.
